Abstract: This review explores the cytolethal distending toxin (CDT) as a virulence factor, protective antigen, and a vaccine candidate in diseases caused by the following bacterial pathogens: Haemophilus ducreyi (HdCDT), Aggregatibacter actinomycetemcomitans, Campylobacter jejuni, and Helicobacter hepaticus. The review highlights some of the important evidence indicating that CDT is not only a commonly invoked virulence factor involved in pathogenesis of infection caused by these bacteria, but is also a protective antigen, such that specific antibodies will neutralize cell damage caused by the toxin. This justifies the development of toxoids as vaccine candidates. The first immunogenic toxoid was produced by formaldehyde treatment of HdCDT and has been used to study the involvement of antibodies in protection against infection and its use as a future vaccine component. The development of such toxoid vaccines may facilitate the studies of protection and immunoprophylaxis in diseases caused by CDT-producing bacteria.
Introduction
Cytolethal distending toxin (CDT) is a trimeric subunit toxin produced by some Gram-negative bacterial human mucosal pathogens. The most important are Haemophilus ducreyi, Aggregatibacter actinomycetemcomitans, Campylobacter spp., Helicobacter spp., some Escherichia coli strains and some Shigella spp. [1] [2] [3] This review explores the CDT of the following bacterial pathogens: H. ducreyi (HdCDT), A. actinomycetemcomitans (AaCDT), Campylobacter jejuni (CjCDT) and Helicobacter hepaticus (HhCDT) ( Table 1 ). The high prevalence of the CDT genes and their association with toxic activity in clinical strains suggests a possible critical role for the toxin in the pathogenesis of the diseases caused by these pathogens.
H. ducreyi is the etiological agent of chancroid, a human sexually transmitted infection (STI), characterized by localized development of persisting ulcers on the mucosa or skin of mainly the external genitals. 4, 5 The first sign of infection is a small papule at the site of contact with bacteria, which becomes pustular and finally ulcerates. The ulcer enlarges, and ragged, defined, sharply marked borders, surrounded by erythema develop. HdCDT is produced by a majority (.80%) of H. ducreyi patient strain isolates. [6] [7] [8] A. actinomycetemcomitans is involved in the development of periodontitis, in which significantly elevated levels of bacteria can be detected in lesions. The infection is located in the oral cavity and results in an inflammatory, often chronic disease affecting mucosa and tissue that surrounds and supports teeth. CDT genes and toxic activity have been detected in 86%-95% of A. actinomycetemcomitans patient strain isolates. [8] [9] [10] [11] [12] C. jejuni is the most prevalent bacterial food-borne pathogen in the industrial world to date. 13 The bacterium is a zoonotic pathogen with widespread occurrence in the environment and in various animals. It can also establish a long-term, asymptomatic association with many hosts. For example, chickens are natural hosts for C. jejuni and colonized broiler chicks are the primary vector for transmitting this pathogen to humans. 14 CDT is the only verified toxin produced by C. jejuni and the prevalence of toxin-producing strains is high. 15 Polymerase chain reaction (PCR) typing showed that the prevalence of all three C. jejuni CDT genes in strains originating from human, cattle, sheep, dog, and poultry was 87%, 67%, 84%, 89%, and 39%, respectively. 16 Another study using multiple PCR demonstrated expression of the three CDT genes in 98% of human and animal isolates from different geographic origins. 17 Closely related to C. jejuni, H. hepaticus, the enterohepatic Helicobacter species is a murine pathogen, which colonizes the lower intestinal and hepatobiliary tracts of mice and causes colitis, hepatitis, and hepatocellular carcinoma. HhCDT is the only known virulence factor found in H. hepaticus. [18] [19] [20] [21] Bacterial CDT is a group of heterodimeric toxins, which block the cell cycle of a broad range of mammalian cells. The mode of action is well documented by many studies and the subject has been reviewed extensively. 1, 2, 21, 22 CDT of these bacteria is located in the bacterial periplasmic space, and in culture supernatants, indicating active secretion from bacterial cells. For HdCDT and AaCDT, it has been suggested that a complex is formed inside the periplasm, and that post-translational processing of CdtA plays an important role for the efficient secretion of CDT holotoxin into the culture supernatant. [23] [24] [25] For C. jejuni, Lindmark et al observed that the release of outer membrane vesicles function as delivery vehicles for all the subunits of CjCDT to the surrounding environment, including infected host tissue. 26 In the pathogenesis of C. jejuni infection, outer membrane vesicles may protect CDT against enzymatic digestion, thus enhancing the local activity of the toxin on the gut mucosa.
CDT blocks cell proliferation of cultured epithelial and endothelial cells at G2 and of fibroblasts at G1/S and G2/M. In some cells, cycle arrest leads to enlargement or distention of cells (hence the name of the toxin) followed by cellular death. 1, 2, [27] [28] [29] CDT toxins comprise three proteins, CdtA, CdtB, and CdtC, encoded by three linked, chromosomal genes cdtABC. The molecular masses of the individual CdtA, CdtB, and CdtC proteins are approximately 24 kDa, 31 kDa, and 20 kDa, respectively. 1, 30 The cdtABC genes from different species are related to each other and CDT from different genera show similarity in structure and activity. The highest sequence homology (95%) was noted between HdCDT and the CdtABC proteins of A. actinomycetemcomitans, whereas homology with enteric bacteria is lower. CdtB, which is the most conserved protein, has about 49% sequence homology with proteins from the most distantly related genera. 3, 30 The amino acid sequence of HdCDT was published in 1997, 30 and a high-resolution crystallographic analysis of HdCDT holotoxin, reconstituted from individual recombinant subunits, has recently been published. 31, 32 The A. actinomycetemcomitans CDT structure has also been reported. 33 CDT is classified as an AB toxin, with an active ("A") subunit CdtB, which directly damages DNA and a binding ("B") subunit consisting of CdtA and CdtC, which assists in toxin attachment to target cells and promotes its internalization. All three components are necessary to exert potent cytotoxic activity on intact cells, as reported for HdCDT, AaCDT, and CjCDT. 25, 30, 34 CdtB shows structural features predictive of nuclease activity and has homology with mammalian DNaseI. It exerts an endonuclease activity on plasmid DNA in vitro, as shown for HdCDT, 25 AaCDT, 35 and CjCDT. 36 CdtB was shown to be translocated into the nucleus of mammalian cells and induces host DNA double-strand breaks (genotoxic effects), triggering the DNA repair cascade, which causes cell cycle arrest and eventually cell death. 34, 37, 38 However, results from other studies suggest that phosphatidylinositol-3,4,5-triphosphate (PIP3) phosphatase activity of CdtB may also play role in cellular toxicity. [39] [40] [41] This alternative mechanism of cell intoxication can include depletion of PIP3 and suppression of protein kinase signaling pathways. 41 The binding subunit, CdtA with CdtC, make up the cell binding to host cell membrane lipid rafts, before internalization of CdtB takes place, as shown for HdCDT and AaCDT. 42, 43 Membrane cholesterol has been involved in binding of AaCDT to the Jurkat T-cell line. 42 However, recent studies on localization of AaCDT components in CHO cells indicated that CdtA is primarily responsible for anchoring and remains on the cell surface, while CdtC is present both on the cell surface and in the cytosol and functions as a chaperone for the CdtB. 
CDT as a virulence factor and its role in pathogenesis of diseases
CDT is assumed to be a virulence determinant of at least some toxin-producing bacteria. Studies indicate that CDT is a potent toxin and that the cytotoxic effects depend mainly on the cell type rather than the origin of CDT. The majority of studies on CDT toxicity are focused on in vitro models using different eukaryotic cells. CDT from different bacteria induces damage on a variety of cells.
1,2 These include epithelial HeLa, HEp-2, 45, 46 keratinocytes, primary human fibroblasts, 45 human umbilical vein endothelial cells, 47, 48 and various cells of hematopoietic origin. 37, 45, [49] [50] [51] It was also shown that the growth of toxin-producing H. ducreyi strains resulted in destruction of epithelial HEp-2 cell monolayer, similar to the effects of purified toxin. 52 Lymphocytes and myeloid cells involved in the immune response are most susceptible to CDT action, and display rapid apoptosis upon exposure, as shown for HdCDT. 53 Wising et al 45 demonstrated that about 90% of Jurkat T-cells or THP-1 monocytic cells undergo apoptosis within 24-48 hours after treatment with about 100 ng/mL, while only 30% of HeLa or HaCaT epithelial cells or fibroblasts are intoxicated under the same conditions. The consequences of intoxication on cells involved in the immune response may contribute to the inhibition of the immune response during infection, as HdCDT has been shown to inhibit both cytokine production by antigen presenting cells (APC), to elicit T-cell activation in vitro, and to induce apoptosis. 54 Thus, the extreme sensitivity of immune cells suggests that the toxin may cause immunomodulation, impairment of phagocytosis and bacterial clearance, and down regulation of downstream immune responses in vivo. 41 Despite its dramatic in vitro effects, it is not clear to what extent CDT contributes to pathogenesis in infections caused by toxin-producing strains and the evidence attributing pathogenesis to HdCDT and AaCDT in human or animal disease is contradictory.
1,2
The pathogenicity of H. ducreyi bacteria and HdCDT mutants was investigated in the low-temperature rabbit model, where bacteria injected into skin form purulent necrotic lesions, which are self-limited and differ from those described for humans. 55 Destructive mutations in individual CDT subunits did not affect the ability to cause experimental lesions, which were comparable to lesions caused by the parent strain. 56, 57 Studies with purified HdCDT holotoxin showed that injection of 10 µg into rabbit skin induced inflammation. 58 Dermal injection of a nontoxin-producing variant of H. ducreyi together with 10 µg of reconstructed HdCDT resulted in larger skin ulcers in rabbits and prolonged healing compared to lesions caused by the nontoxin-producing strain alone. 58 A model of H. ducreyi human infection was developed, in which healthy adult volunteers were inoculated with H. ducreyi bacteria at multiple sites on the skin of the upper arm. 59, 60 In this model, papules develop within 24 hours, which either resolve spontaneously or evolve into pustules over the next 2-5 days. Volunteers remain infected until they reach the clinical endpoint, which is defined either as resolution of disease at all sites, or development of a pustule that is either painful, or with an extension of approximately 4 mm in diameter, or the time end-point at 14 days after inoculation. At the endpoint, all volunteers are treated with one dose of oral ciprofloxacin. Using this model, which illustrates the acute stages of H. ducreyi infection, it was observed that the expression of HdCDT was not required for pustule formation by H. ducreyi, since the isogenic CdtC negative mutant produced similar lesions, ie, pustule formation, as a parental strain. 56, 61 CdtA-, CdtB-, and CdtCnegative mutants, which were not toxic for cultured cells in vitro, did not differ in their capacity to develop lesions in this model of infection, compared to the parent strain and it was concluded that there is no involvement of HdCDT in the early stage of ulcer formation in skin. 57, 59 The amount of toxin produced during the experimental inoculation is not known, but in later studies, transcription of genes corresponding to CdtB was shown to be expressed during infection in human volunteers. 62 It was also demonstrated that the early immune response to H. ducreyi has many features of a type 1 response, and that development of antibodies is noted late in chancroid lesions. It is possible that when polymorphonuclear leukocytes and macrophages fail to clear the organism, the type 1 response is sustained. 59, 63 The termination of H. ducreyi infection in volunteers does not allow for study of the development of typical persisting chancres in the later stage of infection. While HdCDT seems not to be involved in induction of chancroid skin lesions in the acute stage of infection, it is possible that the cytotoxic effect of CDT on certain skin cells may be responsible for the enlargement of ulcers and a typical clinical picture of persisting chancroid lesions. Moreover, hampered epithelialization, necrosis of endothelial cells and slowing of angiogenesis by CDT contribute to the slow healing of ulcers seen in untreated chancroid lesions after infection. In particular, the impact on endothelial cells and the inhibition of angiogenesis as shown in vitro is an important factor in healing. 48, 50 Keeping in mind that chancroid is a STI, HdCDT can play an important role in persistence of infection and in delayed healing, which, together, contribute to enhanced transmission of this STI pathogen to other hosts. 1, 64 The observed low activity on fibroblasts, or limited penetration to deeper tissues of CDT, may explain why chancroid ulcers remain shallow. The apoptosis induced in B and T lymphocytes by CDT suggests that the resultant immunosuppression would delay or decrease immune function, allow bacterial growth, and possibly enhance tissue damage in genital and gingival tissue seen in chancroid periodontitis, respectively. The clinical appearance and histological findings of chancroid ulcers support this hypothesis. However, there are a number of strains, which do not produce toxins, and which have been isolated from lesions. This gives a rise to the further questions: how much HdCDT is involved in chancroid, and at what stage of infection? It is possible that disease progression differs depending on whether strains are toxin producing or nontoxin producing, and on corresponding differences in the clinical appearance of ulcers. This subject requires further study. However, in many cases the early treatment with antibiotics that is the norm does not allow for such studies. In addition, it is interesting to consider that toxin-producing Corynebacterium diphtheriae strains can occasionally affect the skin (cutaneous diphtheria) with a clinical picture that is characterized by pus-filled ulcers with sharply defined borders surrounded by a zone of red and swollen skin. The ulcer, similar to chancroid, takes long time to heal (usually within 2 to 3 months) and it is likely to leave a scar. 65 Studies on the topical application of A. actinomycetemcomitans CDT holotoxin in the rat gingival model, showed degeneration and sloughing of epithelial cells within 3 days in situ. 66 The local arrest of cell proliferation of oral gingival sulci of rats was specific and not observed with mutated inactive CdtB holotoxin. These studies support the observation of Wising et al, 58, 86 using the rabbit model, that the CDT is cytotoxic for cells in vivo.
Studies of A. actinomycetemcomitans CDT activity on healthy human gingival tissue exposed to CDT ex vivo for 18-36 hours showed extensive detachment of the keratinized outer layer and distention of spinouts and basal cells in the oral epithelium. 67 The connective tissue was less affected. Moreover, primary gingival cells isolated from tissues of healthy individuals exhibited cell cycle arrest when treated with the toxin ex vivo. These results, showing a direct damage of human oral epithelium and mucosa by CDT, indicate a clear role for AaCDT in the pathogenesis of periodontitis.
The involvement of CDT in the pathogenesis of gastrointestinal infections has been investigated, as well. The demonstration that oral administration of CjCDT CdtB mutants to adult severe combined immunodeficient mice (lacking mature T and B lymphocytes) did not affect colonization by bacteria, but caused reduced invasiveness into blood, spleen, and liver tissue, which indicates a possible involvement of the toxin in the pathogenesis of enteric disease. 68 However, the high doses of bacteria used (10 9 colony-forming units) and the use of immunodeficient hosts may not be representative for natural C. jejuni infection, except possibly in immunocompromised patients. In another study, a gastroenteritis in nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB)-deficient mice was produced using wild-type C. jejuni, but not with a strain deficient in active CDT. 69 CjCDT holotoxin was shown to induce production of the proinflammatory chemokine, CXCL8, responsible for the recruitment of neutrophils to the intestinal mucosa, 14, 70 which is characteristic of initial stages of infection with C. jejuni. However, the role of CjCDT and the importance of this inflammatory response in pathogenesis are not clear.
Another gastrointestinal pathogen, H. hepaticus, is a bacterium host adapted to mice, and constitutes a suitable model to study the role for CDT in pathogenesis of infection and disease. HhCDT has been shown to play an important role in promoting the progression of infectious hepatitis to premalignant, dysplastic lesions via activation of a proinflammatory NF-κB pathway and increased proliferation of hepatocytes, providing the first evidence that CDT may have carcinogenic potential in vivo. 71 In another study in IL-10 -/-mice, it was reported that CDT plays a key immunomodulatory role that allows the colonization submit your manuscript | www.dovepress.com
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Cytolethal distending toxin for vaccine development and persistence of H. hepaticus and that this alteration of the host immune response results in the development of colitis. 20, 21, 72 The animal studies mentioned above suggest that CjCDT and HhCDT may cause development and increase of inflammation, persistent infection or chronic disease and retardation of healing in the gastrointestinal tract or, in case of H. hepaticus, liver disease in vivo. 21 However, the results of a study of 30 patients with gastroenteritis, from which Campylobacter spp. were isolated and tested for CDT-encoded genes, suggested that CDT does not solely determine the severity of infection and the clinical outcome. 73 CjCDT probably plays no role in direct induction of diarrhea, but can be responsible for prolonged carriage of bacteria or bacterial colonization.
As presented above, the evidence suggesting that the CDTs may be disease determinants is based mainly on studies in vitro, showing a very potent cell destruction and apoptosis in a number of different human and animal cells, and in some animal models. Direct evidence that CDT causes lesions on gut mucosa is obtained from studies with AaCDT on human mucosa ex vivo and rat mucosa in vivo.
CDT as a protective antigen and the role of neutralizing antibodies
To develop an effective vaccine, the vaccine candidate must be safe and be able to induce protection against infection, or consequences of infection. In these terms, the protective antigen must induce strong antibody or cellular responses, which inhibit or neutralize any biological effect of the toxin. Not all bacterial virulence factors are protective antigens, but many detoxified bacterial toxins act as excellent vaccines responsible for protection against, for example, diphtheria, tetanus, and pertussis. Neutralization of these secreted toxins by antibodies is the basis for protective immunity in the respective disease.
Antibodies specific to CDT components neutralize the toxic activity of HdCDT, AaCDT, and CjCDT on different cell lines in vitro, 58, 70, 74, 75 but direct experimental evidence for the protective role of antibodies to CDT in animal models or in human disease is lacking.
In the case of H. ducreyi infection, studies of serum samples, both from patients with chancroid and from infected volunteers, indicated that this local infection does not confer immunity against subsequent reinfection and does not induce a significant antibody response to bacterial antigens, including CDT. 59 In sera from patients with chancroid, antibodies to different bacterial cell components were detected infrequently and mainly in the later stage of disease 76, 77 and low levels of the toxin-neutralizing activity were detected in 66% of serum samples from culture-proven chancroid. 78 Moreover, antibodies against the CdtC subunit correlated with disease in patients with chancroid, compared with healthy blood donors 75, 79 and the monoclonal antibody, M4D4, specific for the CdtC component of HdCDT, exerts a potent neutralizing activity in vitro, 78 indicating that this subunit can be a major target for neutralizing antibodies against HdCDT.
Studies on induction of antibodies to HdCDT showed that experimental infection or immunization of rabbits with toxinogenic H. ducreyi, bacterial sonicates or purified HdCDT or HdCDT components, may result in the development of toxin-neutralizing antibodies, but titers are low. 58, 80 Moreover, repeated subcutaneous immunizations of mice with 5-10 µg active, purified HdCDT induced low levels of serum antiHdCDT immunoglobulin G without neutralizing capacity. 81 The low levels of antibodies to HdCDT in patients with chancroid, infected volunteers and animals may have multiple causes: (i) CDT kills immune cells and thereby downregulates the immune responses; (ii) only low amounts of CDT are secreted by bacteria during growth in medium and probably the same is true for chancroid; (iii) CDT is produced locally in the lesions and quickly binds to the surface of target cells, (iv) sufficient production of toxin to evoke immune response may occur later in disease, when infection is established and bacteria multiplies.
Similar to chancroid patients the majority of patients with localized aggressive periodontitis failed to mount a significant antibody response to CDT of A. actinomycetemcomitans, which may explain their relative susceptibility to the disease. 74 However, a response to CdtC was found in sera of subjects with generalized, but not of localized, aggressive periodontitis. 82 It is interesting that even after diphtheria, the typical toxin-mediated disease, about 50% of patients who recover do not develop protective toxin-neutralizing antibodies, and it is therefore recommended to vaccinate convalescents. Antibodies specific to CDT have toxin-neutralizing activity and prevent cell death in vitro. In chancroid or periodontitis, antibodies may have a potential role in protection against disease by facilitating healing of the toxin-mediated lesions, thus shortening the persistence of the disease.
In patients with gastrointestinal infections caused by C. jejuni the development of neutralizing antibodies has been demonstrated. 83 However, no neutralizing activity was detected in colonized chickens despite the expression of submit your manuscript | www.dovepress.com CDT in the avian gut as indicated by reverse transcription-PCR. 83 Another important issue in protection against mucosal pathogens is the presence of locally induced antibodies on mucosal surfaces. Such antibodies can be generated by the stimulation of local production or by generation of sufficient levels of serum antibodies that transude to the locus of infection, eg, the genital tract. 84, 85 There are no data on the levels of secreted anti-CDT antibodies on mucosal surfaces during any infection with CDT producing bacteria.
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To convert CDT into a protective antigen, detoxification and treatment to increase immunogenicity has been shown to be necessary (see below). Immunization with 10 µg of HdCDT toxoid evoked a strong antibody response in rabbits. Immunized rabbits with high levels of HdCDT neutralizing antibodies did not develop the typical skin inflammatory reaction seen in unimmunized animals after injection of 10 µg HdCDT (Wising et al unpublished data), 85, 86 suggesting a protective activity of toxin neutralization in this rabbit model.
Toxin-neutralizing antibodies are protective against tetanus, diphtheria, and pertussis disease and it is well known that vaccination with toxoids alone or in combination with other bacterial antigens (pertussis vaccine) causes protection against the respective pathogens. 87 In conclusion, it seems clear that antibodies to CDT neutralize toxic activity on cells in vitro, but that native CDT is a poor immunogen. More studies are clearly required to evaluate the protective role of toxin-neutralizing antibodies in animal models and in human disease.
Development and evaluation of CDT toxoid as a vaccine
The growing, albeit somewhat scant, evidence indicating that CDT is also a protective antigen, where specific antibodies neutralize the cell damage caused by toxin, justifies the attempts to develop a toxoid as a vaccine component. Such an immunogenic toxoid could be an important tool in investigation of the involvement of antibodies in protection against infection with CDT-producing bacteria.
The detoxification method commonly used for toxoid production is formaldehyde treatment 88, 89 and protection is achieved by parental immunization with those toxoids. The first toxoid of CDT holotoxin from H. ducreyi was produced by chemical detoxification with formaldehyde. 81 The detoxification resulted in a toxoid with MW of approximately 80 kD, with all three components present and three doses of 10 µg protein/mouse elicited toxin-neutralizing antibodies in serum at titers approximately 200 times higher than those elicited by the native toxin. 81 In addition to the humoral response, high levels of antibodies were also detected in the genital tract. 85 The treatment of proteins with formaldehyde involves aldehyde groups forming cross-linking by methylene bridges. The most frequent type of cross-link formed by formaldehyde is between the nitrogen atom at the end of the side-chain of lysine and the nitrogen atom of a peptide linkage, and the number of such cross-links increases with time of treatment. 89 However, tyrosine, arginine, and other amino acids may be also involved. The HdCDT holotoxin possesses a total of 21 lysines: CdtA (seven residues), CdtB (two residues), and the majority are on CdtC (11 residues) (Figure 2 ). It is notable that the majority of lysines are on the CdtC followed by the CdtA subunit, while the tyrosine distribution on all three CDT components is more equal (five, five, and six on CdtA, CdtB, and CdtC, respectively).
The detoxification with formaldehyde may result in destruction of the binding activity of CdtA/CdtC, and/or CdtC activity in the translocation of CdtB, as well as abolishment of the enzymatic activity of CdtB. It is also possible that formaldehyde treatment retains and stabilizes the threedimensional structure of HdCDT. 88 Since the CDTs from other toxin-producing pathogens are similar in composition and activity, it is expected that formaldehyde treatment could also be successfully applied to CDTs from other species. The induction of high levels of neutralizing antibodies by CDT toxoid may also facilitate investigation of the role of CDT and toxin-neutralizing antibodies in diseases caused by different microorganisms. Further developments could involve a molecular method of detoxification of CdtB, followed by binding of CdtA and CdtC components; or investigation of CdtA and CdtC components together, or CdtC alone, as a toxoid for the induction of neutralizing antibodies. The recent studies showing a double involvement of the CdtC subunit in anchoring to the cell receptor and translocation of CdtB indicates that it may be justified to focus on this subunit. 44 Recently, attempts to design a vaccine against C. jejuni, based on CDT subunits were published. Proteomics approaches were used to design peptides sequences which block CjCDT activity.
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Conclusions
Natural infection with CDT-producing bacteria such as H. ducreyi does not confer immunity to reinfection and there is very little antibody produced against CDT. As there is growing evidence for the importance of CDT activity in diseases caused by toxin-producing bacteria, it seems justified to develop a vaccine based on the CDT toxoid, given its superior immunization characteristics. However, there are still critical issues to be elucidated. The role of toxin in diseases caused by various CDT-producing pathogens probably differs between different bacteria and it is still unclear in many cases. It is still unknown if the CDT is a major virulence factor in the pathogenesis of disease. However, it is most probable that CDT produced by at least H. ducreyi and A. actinomycetemcomitans are disease determinants, since they exert antiproliferative and apoptotic activity on a number of skin/mucosa, endothelial cells and cells of the immune system, and thus may be responsible for the slow healing and chronic nature of chancroid and aggressive periodontitis. However, the attempts to elucidate the role of CDT have been limited because, for example, H. ducreyi and A. actinomycetemcomitans are typical human pathogens and development of animal models reflecting human chronic or persistent infection is needed. CDT does not seem to contribute directly to the induction of diarrhea in acute enteric infections caused by C. jejuni, but could contribute to some prolonged symptoms or colonization of some enteric pathogens.
The CDT toxins evoke a weak immune response and induce insufficient amount of antibody to neutralize the toxic effects. To ascertain the possible role of CDT as a protective antigen, detoxification and improvement of immunogenicity is necessary. The development of such toxoid vaccines may facilitate the studies of protection and immunoprophylaxis in diseases caused by CDT-producing bacteria. More studies are needed to ascertain whether the CDT toxoid could play an important role as a component of a vaccine against the CDT-producing bacterial pathogens discussed, and to define the effective route of vaccination to stimulate protective levels of systemic and mucosal antibodies.
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